Abstract: This paper analyzes the influence of fatigue loading on the residual stress profile in high strength steel wires. To this end, different sinusoidal loads with diverse values of maximum loading level and number of cycles were simulated on wires in which several residual stress profiles had been previously introduced, some of them with a tensile state and others with a compressive state. An analysis was made of the evolution with time of such residual stress laws by comparing them at key instants of loading, that is, at initial instant, at maximum load, at minimum load and at final instant. Numerical results show only a minor influence of fatigue loading on the residual stress profile.
Introduction


The drawing process applied in the manufacture of prestressing steel wire (widely used in structural elements) usually produces residual stresses in the material [1, 2] , even without any external loading or thermal gradients applied on the wire. The profile of these stress states can present different configurations [3] , but in all of them the maximum value of stress is placed at the external surface of the wire. The evolution of the residual stress is decreasing with depth until reaching a value after which it may be assumed as constant throughout the internal section of the wire. Common values at which residual stresses become zero are usually about a tenth of millimetre [3] .
Residual stresses play an important role in the process of initiation of surface cracks. It is well known that the industrial use of different surface treatments, e.g., shot peening, provides compressive residual stress at the material surface, thus delaying the initiation and propagation of cracks [4] . For these reasons it is essential to know the evolution of the residual stress profile with the parameters characterizing the fatigue loading, such as the number of cycles and the maximum stress level, since these parameters are directly related with initiation and growth of cracks [4] .
The residual stress profiles appearing in a prestressing steel wire can be different in two aspects: the surface stress level and the depth where the residual stresses become null. In order to idealize these profiles (observed experimentally by the application of diverse techniques such as Neutron or X ray diffraction [5] ) in this paper a linear variation of residual stresses is assumed from the surface until the point from which the stress remains constant. This approach allows one to reproduce the general shape of the 0.
Residual stresses profiles observed with commonly used measurement techniques without any loss of generality.
This paper deals with an analysis of the influence of fatigue loading on the residual stress profile in high strength steel wires that are typically used in construction. The data obtained in this study may be relevant in the research of hydrogen transport phenomena through diffusion within the material, producing hydrogen embrittlement of the component [6] . These phenomena are potentially very dangerous, mainly in structural elements designed in engineering [7, 8] . Thus in this study the evolution of mean normal (or hydrostatic) stress, a variable representing the stress state of the materials according to the model of hydrogen diffusion assisted by stresses and strains [9] [10] [11] , is obtained in each step of the fatigue loading process. From these numerical results, it is possible to know the points where the hydrogen is potentially accumulated, i.e., the places where the micro damage might appear inside the material.
Numerical Modeling
In this study, four fatigue loading schemes were considered, as shown in Fig. 1 . All the schemes consisted of sinusoidal cycles oscillating between a null stress and a maximum stress of 1000 and 1200 MPa (i.e., about 75% and 90% of  Y = 1300 MPa, being  Y the 0% offset yield strength of a typical prestressing steel used in construction). To include the effect of the number of cycles in this analysis two loading sequences of 10 and 20 cycles were considered. The type I illustrated in Fig. 1 represents a fatigue loading scheme of 10 cycles with a maximum stress level of 0.75 Y (1000 MPa), the type II reaches the same maximum stress but now considering 20 cycles. The type III consists of 10 cycles with a maximum stress level of 0.9 Y (1200 MPa) and, finally, the scheme IV has a maximum stress of 1200 MPa and 20 cycles.
The four residual stress profiles considered in the present study are classified according to the surface stress state, two of them being of tensile nature and the other two of compressive nature. The parameters defining the profiles, the maximum residual stress at the surface,   , and the depth x 0 where the stresses reach a null value, are depicted in Fig. 2 . Taking into account this approach the four profiles 1 to 4 are listed in Table 1 .
The simulation of the fatigue loading applied to the prestressing steel wire is carried out by the finite element method (FEM) using a commercial code [12] . Due to the axisymmetric geometry of the wire, the three-dimensional (3D) case is simplified to an equivalent two-dimensional (2D) problem. To progress further, the appropriate boundary conditions must be defined, and thus both null values of the normal component of displacements are imposed in symmetry axis and applied load, as sketched in Fig. 3 . The meshing of the specimen was carried out according to the criterion of reproducing the residual stress profile that has its most significant variations in the vicinity of the wire surface. Consequently, the mesh must be refined in this zone to approximate with more accuracy the profile in the surface. The way to include the residual stress profile is to assign to each element an initial stress value that is dependent on the distance to the wire surface, as shown in Fig. 2 . In this sense, Fig.  4 shows this initial stress values from a practical point of view, in comparison with the exact profile previously illustrated.
The meshing of the geometry is developed with four nodes quadrilateral elements due to the simple geometry of the wire axisymetric problem. The simulation is carried out for each residual stress profile with each load. Results of the evolution of the residual stress profile with the loading process are obtained for each type of load.
Influence of the Loading Scheme
Numerical results are analysed at characteristic instants of the loading history: at initial load, at maximum and minimum load and at final load. Therefore, it is possible to determine the evolution of the initial stress state by comparing the stress states throughout the radius in each one of these loading instants. Although the stress distribution along wire radius at the maximum load instant is obviously higher than at other time instants, it can be assumed that in these ones the stresses are the result of adding the initial residual stress (just after cold drawing) and the externally applied stresses. To compare all time instants, a new parameter called effective stress,  z * , is defined, which is mathematically represented by  z *   z   app (1) where  z is the axial stress (axial component of the stress tensor) and  app is the externally applied (remote) stress (cf. Fig. 3 ). According to the load history reflected in Fig. 1 ,  app is null at initial load, minimum load and final load and, consequently, the effective stress is equivalent to the axial stress in this particular cases. On the other hand, at maximum load instants the applied stress is not null and therefore it is possible to consider that  app acts as a shift factor, thereby bringing this stress distribution near to the other ones.
Taking into account the results obtained in all simulations, stress distributions are stabilized during cycling, so that it is only necessary to represent the last load instant in order to reflect the behaviour of all stress profiles. distribution at final load instants, after applying the four loading schemes I to IV to the initial residual stress profile 1.
To study the behaviour of the mean normal (or hydrostatic) stress  (relevant in hydrogen diffusion processes assisted by stresses and strains, and thus in hydrogen embrittlement phenomena) with fatigue loading, a new analysis was developed (Fig. 6) , where the same tendency for all applied loads is reflected. To analyze the stress evolution with time, two different points are considered, one at the outer surface of the material (where the maximum residual stress is achieved) and another placed inside the stable region of the residual stress profile (cf. Fig. 2 ). The evolutions of mean normal stresses at the three last cycles for a wire with the residual stress profile 1 are shown in Fig. 7 , where t is the dimensionless simulation time. It is observed that the stress evolution follows very closely the load history in both axial and mean normal stresses, as it was expected according to the previous results obtained for the stress profiles at the characteristic instants of the loading process. The results obtained for other loads and residual stress profiles are similar to this one. Therefore, it can be seen that fatigue loading does not influence the time evolution of stresses, independently of the considered residual stress profile. Consequently, it is possible to reduce the study because of this analogy between the results for the different fatigue loading schemes and, taking this into account, only the loading schemes I and III are analysed in the next section.
Influence of Fatigue Loading on the Residual Stress Distribution in Prestressing Steel Wires
Stress Evolution
This section deals with the analysis of only two fatigue loading schemes (type I and III, cf. Fig. 1) applied to the four residual stress profiles (cf. Table 1 ). The obtained results when studying the axial and mean normal stress are equivalent, so that the last one is specially analyzed, due to its more relevant role in stress-assisted diffusion of hydrogen [9] [10] [11] and thus on hydrogen embrittlement of materials. As a matter of fact, hydrostatic stress plays a relevant role in the specific problem of hydrogen embrittlement of cold-drawn eutectoid prestressing steels with an associated residual stress state generated during manufacturing process, a process aimed to raise the yield strength and produce a high resistant material to be used in prestressed concrete in civil engineering.
Figs. 8 and 9 show the results obtained with the simulation of the residual stress profiles 1 (100 MPa) and 3 (200 MPa) respectively, with the maximum stress at surface representing surface tensile stress states and, as it was explained before, only the loading scheme I and III are considered. In these graphs, the characteristic points of the loading history at the specific time instants are represented, namely at initial load, at minimum load, at final load and at maximum load with asterisk, which represents the maximum load with the shift factor  app applied according to the equation (1) . Only minimal differences can be observed between the stresses profiles for the time instants considered in the loading process, although a higher variation is noticed in the profile 3 when the load III is applied. In this case the maximum stress level slightly exceeded the 0% offset yield strength and, consequently, certain changes in stress distribution are observed.
On the other hand, the analysis of surface compressive stress states, profile 4, is presented in Fig.  10 . In this plot no significant differences can be observed regarding the values of mean normal stress at the wire surface for the different characteristic loading instants. The same happened for those tensile residual stresses in which the maximum stress did not exceeded 0% offset yield stress (a different story happened in those tensile residual stress profiles in which the maximum stress level exceeded the 0% offset yield stress, because in this case some redistribution of residual stress was detected, cf. Fig. 9 ). After analysing the plots in Figs. 8-10 , it is feasible to point out that the reduction of the stress value at the surface is more pronounced in the residual stress profile 3, probably conditioned by the higher values of boundary stress,   , thereby affecting the values of mean normal stress at the surface in such profile and conditioning the hydrogen entry in the steel and subsequent embrittlement.
Conclusions
On the basis of the obtained numerical results, it is concluded that the residual stress profiles studied in this work show no significant changes during the fatigue loading process. The number of cycles of fatigue does not affect the residual stress profile and thus no stress redistribution is observed, but the stress evolution at each node follows the external fatigue loading history wherever it is placed.
The mean normal (hydrostatic) stress exhibits the same behaviour for all the studied fatigue loading schemes at all the time instants. These values are equal to the third part of axial stresses and, consequently, there is a negligible redistribution of the initial state of stresses during the application of the external load.
Finally, it may be concluded that neither the number of cycles nor the maximum load level affect significantly to none of the four residual stress profiles considered in the present paper.
